The construction of energetically autonomous artificial protocells is one of the most urgent and challenging requirements in bottom-up synthetic biology. Here we show a hybrid multicompartment approach to build Artificial Simplified-Autotroph Protocells (ASAPs) in an effective manner. Chromatophores obtained from Rhodobacter sphaeroides accomplish the photophosphorylation of ADP to ATP functioning as nanosized photosynthetic organellae when encapsulated inside artificial giant phospholipid vesicles. Under continuous illumination chromatophores produce ATP that in turn sustains the transcription of a DNA gene by T7 RNA polymerase inside ASAPs. Cryo-EM and time-resolved spectroscopy were used for characterizing the chromatophore morphology and the orientation of the photophosphorylation proteins, which allow high ATP production rates (up to ∼100 ATP/s per ATP synthase). mRNA biosynthesis inside individual vesicles has been determined by confocal microscopy. The hybrid multi-compartment approach here proposed appears at the same time convenient and effective, and thus very promising for the construction of full-fledged artificial protocells.
Bottom-up synthetic biology foresees the construction of artificial protocells as the main ambitious goal [1] [2] [3] [4] [5] [6] . Following the pioneer phase [7] [8] [9] [10] , current challenges refer to the implementation of more complex behaviour, such as chemical signalling [11] [12] [13] [14] , population-level dynamics 15, 16 , selfreproduction [17] [18] [19] , and autonomous generation of energy [20] [21] [22] .
Metabolism is the ensemble of out-of-equilibrium processes within living organisms and includesbut is not limited to -biopolymer synthesis, sensing and motility. It is energy consuming and requires ATP for its fuelling. ATP is generated in vivo by (i) photosynthetic phosphorylation, (ii) oxidative phosphorylation, and (iii) substrate-level phosphorylation. Photosynthetic and oxidative phosphorylations share a common design that requires the establishment of a proton gradient and a difference of chemical potential across the lipid membranes of cells which ultimately triggers the membrane-bound enzymatic complex ATP synthase. In photosynthesis, the gradients are generated by the absorption of light, which needs to be transduced into reduced chemical species by a rather complex dedicated enzymatic apparatus.
Photosynthetic anoxygenic bacteria are ancient photosynthetic organisms that appeared on Earth long before any oxygenic species and possess a simple apparatus for proton translocation. In the particular case of the purple non-sulfur bacterium Rhodobacter (R.) sphaeroides it consists in a minimal set of well-characterized integral membrane enzymes: the reaction center (RC), the ubiquinol:cytochrome c oxidoreductase (bc1) and the ATP synthase (ATPsyn). The first two complexes are engaged in a photoinduced cyclic electron transport and transmembrane proton translocation involving the coenzyme Q (Q/QH 2) and cytochrome c2 (cyt 2+ /cyt 3+ ) redox pools.
ATPsyn eventually converts the proton gradient into ATP molecules, via ADP phosphorylation ( Figure 1a ).
In the perspective of exploiting the R. sphaeroides apparatus for producing ATP inside artificial protocells upon light irradiation, we have recently started a systematic investigation about these sorts of systems that we call photoactive "Artificial Simplified-Autotroph Protocells" (ASAPs) (see Text S1 for the used terminology). We have previously developed a single-compartment approach, consisting of vesicles functionalized with >90% oriented protein complexes able to transduce light energy in chemical energy in form of a proton gradient 23, 24 . Here we report a novel Hybrid Multi-Compartment Approach (HyMCA), consisting in the entrapment of nanosized biological vesicles (< 100 nm) inside a giant artificial vesicle (> 1 µm). In particular, we have employed R. sphaeroides "chromatophores" (closed cytoplasmic membrane fragments, see below) as light-driven ATPsynthesizing organellae trapped inside phospholipid giant unilamellar vesicles (GUVs). The nascent ATP has been channelled into DNA transcription, here catalysed by T7 RNA polymerase in the presence of the other three nucleotide triphosphates (CTP, UTP and GTP) to form mRNA strands ultimately revealed by the fluorescent marker acridine orange (Figure 1b ).
To this aim we have firstly obtained functional chromatophores from R. sphaeroides and characterized them with respect to their morphology, composition, and light induced ATP synthase activity. Next, we have encapsulated the chromatophores and the other required components inside GUVs by the highly efficient droplet transfer method, demonstrating the successful intravesicle production of ATP. Finally, we have coupled ATP synthesis with DNA transcription in order to produce a messenger RNA. In this way we assembled "ASAPs" (see Text S1) to perform ATPsustained metabolic transformations and therefore mimicking key biological reactions in a realistic way.
From the technological viewpoint, our hybrid approach provides a convenient and efficient route to the construction of artificial protocells of higher complexity, for example when ATP-driven processes and networks are required. This is made possible thanks to the built-in energy transduction capacity of chromatophores.
Obtaining functional chromatophores from R. sphaeroides
The photosynthetic phosphorylation apparatus of R. sphaeroides R26 resides in the cytoplasmic membrane as a set of pigments, integral membrane proteins and protein complexes (light harvesting complexes LH1, RC, bc1, ATPsyn). Cytochrome c 2 in the periplasm and membrane quinones are also necessary to the photoactivity of the protein apparatus, being both involved as electron carriers.
The cytoplasmic membrane is actually extended into the cell as hundreds of vesicle-like invaginations, with the F 1 subunits of ATP synthase facing the cytoplasm. When the cell is broken, these invaginations pinch off, yielding sealed vesicles the chromatophores. These membrane vesicles generally have the photophosphorylation machinery in their membrane with an inside-out orientation and encapsulate the cytochrome c 2 in their internal milieu ( Figure 1a ). Accordingly, purified chromatophores are able to produce ATP (in their outer solution) when irradiated with Near InfraRed (NIR) light in the presence of externally added ADP and inorganic phosphate (Pi) 25, 26 .
To obtain high yield of chromatophores with the desired orientation of photophosphorylation machinery, we have employed an extraction procedure based on direct cell lysis (e.g., by a single French press passage, Text S2), followed by centrifugation steps 27, 28 (Figure 2a ).
The chromatophore diameter was measured by dynamic light scattering (mode 68 nm; mean 80 ± 23 nm, Figure 2b ), while their zeta potential is -30.9 ± 0.6 mV (mean ± SD), as expected for the presence of ~ 60 mol% of anionic phospholipids in the R. sphaeroides membrane 29, 30 .
Cryo-EM and cryo-electron tomography confirm the presence of closed spheroidal chromatophores although some elongated vesicles and open membrane fragments have been also observed ( Figure   2c ). Direct inspection of cryo-EM images clearly reveals the presence of F 0F1 ATP synthase complex in the functional orientation (the F1 subunit pointing outward) on the membrane of closed chromatophores ( Figure 2d -e and Figure S1 ). On average, we found 1.6 ATPsyn per chromatophore, all being outward-oriented and thus able to produce ATP in the external solution. In no case inward-oriented ATP synthases were found. Image analysis gives a surface density of ca. 50
ATPsyn/µm 2 . The tomographic 3D reconstruction (Figure 2f ) renders the characteristic ATP synthase structure, expectedly, as a ball-on-a-stick complex 13.2 ± 1.2 nm wide and 21.2 ± 1.9 nm long ( Figure S2 ).
In order to be functional (photo-active), chromatophores with inside-out morphology ( Figure 1a) should also contain enough amount of cyt 2+ in their lumen. We have determined the ratio between functional chromatophores and all other types of non-functional particles and fragments that arise from the French press treatment by a flash light excitation experiment 23 (details in Text S2-S3). In this assay the RC spectral change at 860 nm (ΔA860), due to a photo-induced charge-separated state, is recorded immediately after the flash (see Figure 2gh ). Because cyt 2+ reduces RC in the chargeseparated state and quenches ΔA860, the measured ΔA860(0) is proportional to the concentration of In conclusion, by combining spectral analysis, DLS and cryo-EM images, we defined the average structure and composition of the chromatophores used in this study (Table S1 ). Importantly, we have shown that ready-to-use "functional" chromatophores can be obtained by a single French press passage with high yield (≥ 70%, see Text S2) . As it will be shown below, they are capable of transducing light energy in biochemical energy with a very high ATP synthase activity (ca. 20 µmol ATP min -1 mg -1 ATPsyn).
Assaying ATP production by chromatophores in bulk
We assayed chromatophores in bulk for their capacity of producing ATP on their external medium upon continuous illumination, in the presence of externally added ADP and Pi. The production of ATP would confirm that chromatophores are fully functional and operate according to the scheme indicated in Figure 1a . The amount of synthesized ATP has been quantified by the luciferinluciferase bioluminescence assay, according to a calibration line. Preliminary experiments, summarized in Text S4 and Figure S3 , lead us fixing optimal conditions for the assay, i.e., ∼6 × 34 . When 2 mM ADP is employed, the ATP production rate almost reaches the maximum (99.5% of Vmax, considering KM,ADP = 10 µM for the ATP synthase 35, 36 ). The measured production of 1.2 mM ATP in 3 minutes corresponds to an ATP synthase turnover number of ∼100 s -1 (or higher), in good agreement with the highest reported values (50 s -1 37 ; or 90 s -1 38 ) (see Text S5 for a commentary). When compared to previous artificial protocell reports 20, 21 , which are based on other types of ATP synthase-bearing artificial organellae, chromatophores perform 12-23× better.
The components of the photophosphorylation machinery embedded in the chromatophore membrane are highly functional because they reside in their own physiologic lipidic microenvironment. Moreover, the results demonstrate that chromatophores are endowed with sufficient and well-oriented bc1 complex, as well as with enough amount of Q/QH2 pool in the membrane and a sufficient amount of cyt 2+ in the lumen.
Assembling ATP-producing multi-compartment protocells
The construction of chromatophore-containing protocells is conveniently pursued using GUVs prepared by the droplet transfer method using POPC as phospholipid 39, 40 (Figure 3a) . A suspension of chromatophores is firstly emulsified in a phospholipid-containing mineral oil solution and the resulting water-in-oil droplets -which are stabilized by a phospholipid monolayer -are then transferred to an underlying aqueous phase by centrifugation. When the water-in-oil droplets cross the oil/aqueous interface, see Figure S4 , they become covered by a second phospholipid monolayer, and generate chromatophores-containing protocells. The chromatophore encapsulation inside protocells is straightforward, leading to stable protocells whose typical appearance is shown in Figure 3b . Note that direct chromatophore imaging by optical microscopy is prevented by their small size, however their presence is revealed by lipophilic Nile Red staining.
The protocell size distribution and formation efficiency (i.e., fraction of water-in-oil droplets successfully transformed into GUVs) resulted not very sensitive to the chromatophore concentration in their lumen, confirming the robustness of the droplet transfer method (Figure 3c-d ). Our procedure leads to about 2 × 10 10 protocells /L (diameter ∼20 µm), with ∼35% efficiency . Each 20 µm protocell contains ∼48,000 chromatophores (OD 10) accounting for less than 1% of the protocell inner volume. The remaining part, the protocells 'free volume', is the locus of ATP production and its further utilization by other reactions (Figure 1b ). The average features of a 20 µm protocell are summarized in Table S2 .
Firstly, we asses the capacity of light induced proton translocation of encapsulated chromatophores.
By co-encapsulating pyranine, a membrane impermeable pH-sensitive dye, we measured an increase of pyranine fluorescence upon continuous NIR irradiation ( Figure S5 ). This increase is ascribed to the rise of pH in the protocell free volume. This is expected when protocells are prepared without ADP and Pi (Figure 1b ), because illuminated chromatophores just translocate protons from the protocell free lumen volume to their interior, developing a pH gradient and an electrochemical membrane potential.
Protocells prepared with all required components were then assayed for ATP production. In the presence of ADP and Pi the photo-redox reactions can cycle very efficiently, because the pH gradient and the electrochemical potential are continuously generated by light absorption and thereafter dissipated by ATP synthase. The quantification of intra-protocell ATP (overall concentration, Text S6) can be carried out by the luciferin-luciferase bioluminescence assay after releasing ATP from the protocell interior. Preliminary experiments discouraged detergent-based lysis ( Figure S3c ) and also indicated minor interference of the sugars present inside and outside the protocells. Therefore, by freezing-and-thawing the sample, ATP has been released from protocells and quantified ( Figure S6 ).
The measured average concentration of intra-protocells ATP (~38 µM) definitely demonstrates that chromatophores act as ATP-producing photosynthetic organellae inside a larger compartment, as required by our design. Note that this experiment does not determine the maximal ADP-to-ATP conversion because ATP synthase, functioning in reverse, partially hydrolyses ATP during the freeze-and-thaw steps.
Photosustaining mRNA biosynthesis in ASAPs
Having shown that protocells autonomously produce ATP from photon energy, we finally added an anabolic module to the system, in particular the DNA transcription, calling the resulting structures ASAPs (see Text S1). ASAPs were built by including in the protocell free lumen volume ADP, Pi, a linearized plasmid as DNA template (pTRI-Xef carrying the 1.85 kb xenopus elongation factor 1α gene under T7 promoter), the enzyme T7 RNA polymerase, and GTP, UTP, CTP. Figure 1b summarizes the whole process. The entire reaction network functions out-of-equilibrium thanks to vectorial chemistry across the chromatophore membrane, entirely driven by the primary photophysical process of charge separation within RC.
The fluorescent dye acridine orange (AO) was added to ASAPs in order to evidence the 1.89 kb mRNA produced from the coupled photophosphorylation-transcription reactions. AO binds both DNA and mRNA, emitting light in the green region (peak at 530 nm, see Figure S7 ). Because the DNA concentration is constant, the variation of AO fluorescence is only due to the progress of transcription. A series of confocal fluorescence micrographs are shown in Figure 4a (Table S3 ).
ASAPs display non-negligible variability, as evident from wide-field imaging (Figure 4d ). The sample contains exceptionally fluorescent ASAPs (Figure 4e ). The variability arising from intra-ASAPs reactions appears evident in Figure 4f -h, where a fluorescent-vs-size dot plot disentangles the two variables, revealing the existence of a sub-population of ASAPs displaying especially efficient internal reactions. In particular, some ASAPs have high fluorescent values (i.e., high mRNA concentration) that fall outside the Gaussian peak (Figure 4g 
Conclusions
We have presented a prototype of a photoactive Artificial Simplified-Autotroph Protocell (ASAP), Finally, we remark that the primary energy source in our design -i.e., light -offers specific advantage due to its easy quantitative/qualitative manipulation, and points to interesting future opportunities in artificial protocell control. 
Online Methods

Production of R. sphaeroides chromatophores
Cells of R. sphaeroides (strain R26) were purchased from the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (Braunschweig, Germany) (DSMZ, #2340). Bacterial cells were grown in 1 L of DSMZ medium (Tables S4-S6 French press passage operating at 16,000 psi (1,100 bar) and 4 °C. The sample was centrifuged at 15,300 g for 15 minutes at 4 °C, to remove the cell debris and heavy fragments (in the pellet), while the supernatant (chromatophores) was further ultracentrifuged at 140,000 g, for 120 minutes at 4
°C. The pelleted chromatophores were resuspended in PE-buffer (∼5 mL), then centrifuged again at 15,300 g, 4 °C, for 15 minutes to remove residual debris and heavy fragments. The supernatant contains chromatophores whose optical density at 860 nm (OD) is typically ∼50. If needed, chromatophores can be concentrated by pelleting and resuspension.
Cryo-EM imaging and tomographic 3D reconstruction
Frozen hydrated samples were prepared by applying a 3 μL aliquot to a previously glow discharged 200-mesh Quantifoil 1/2 holey carbon grid (Ted Pella, USA). Before plunging the grid into liquid ethane, the grid was blotted in a chamber at 4 °C and 100% humidity using a FEI Vitrobot Mark IV (FEI company, the Netherlands). The particles were imaged using a Tecnai F20 microscope (Thermo Fisher Scientific -US), equipped with a Schottky Field Emission electron source operated at an acceleration voltage of 200 kV, a US1000 2k × 2k Gatan CCD camera and a FEI retractable cryo box to limit water sublimation from the vitrified sample and its recrystallization on the specimen surface. For the cryo-electron tomography the tilt series were collected by tilting the vitrified sample over ± 60° with the following tilt sequence: starting from 0° to ± 48 with a tilt step of 3°; then, from ± 48° to ± 60°with a tilt step of 2°. The cryo-EM imaging was carried out at a final object pixel of 3.6 Å, with a total dose of ∼60 e − /Å 2 in order to limit specimen damage. 
Quantification of light-induced ATP production by chromatophores in bulk
The luminescence assay solution (10 mL) was freshly prepared before each experiment by mixing MilliQ water (8.9 mL), 20× assay buffer (500 mM tricine pH 7.8, 100 mM MgSO4, 2 mM EDTA, 2 mM NaN3) (0.5 mL), 100 mM DTT (0.1 mL), 10 mM D-luciferin (0.5 mL), and 5 mg/mL firefly luciferase (2 µL).
Samples were prepared on a 10 µL scale. Chromatophores (OD 50) were mixed with 2 mM ADP and 100 mM K-phosphate buffer (pH 8) and illuminated for 3 minutes in a quartz ultra- 
Preparation of chromatophore-containing protocells by the droplet transfer method
The droplet transfer method was applied [M3] , by following an optimised procedure [M2, M4] . In a 
Evidencing the light-driven generation of transmembrane pH gradient
Protocells containing chromatophores (OD 50) and pyranine (5 µM) were prepared as described, in absence of ADP and Pi. Samples were illuminated directly on the glass slide with a 860 nm/2.6 W LED lamp, for 5 minutes. After every minute of continuous illumination an image of protocells has been recorded (during the acquisition time, the LED lamp was switched off). The negative control sample consisted in protocells filled with pyranine only.
Quantification of light-induced ATP production by chromatophores inside protocells
Six samples of protocells filled with chromatophores (OD 10), 200 μM ADP and 10 mM Pi were prepared as previously described and pooled together in 90 μL final volume. One at a time, six 10 μL aliquots were illuminated for 10 minutes with a 860 nm/2.6 W LED lamp, then the samples were frozen in liquid nitrogen and thawed in a water bath at 40 °C for 10 times, in order to release ATP from the protocells lumen. Known amounts of ATP (0, 10 and 20 µM) were then spiked into the samples (i.e. the standard additions method), followed by the ATP bioluminescence assay as described above.
Coupled light-induced ATP production and mRNA biosynthesis inside ASAPs
ASAPs containing chromatophores (OD 10), 200 µM ADP, 10 mM Pi and a commercial transcription kit (MEGAscript® T7 Transcription Kit, Ambion TM , #AM1334) were prepared as described. The transcription kit contained CTP, UTP, GTP (7.5 mM each), 0.5 µg of pTRI-XEF 
